Encystment and germination of Blastocladiella emersonii zoospores involve a rapid and radical transfornation of the motile but nongrowing spore into a sessile, growing germling. Certain inorganic ions, notably 50 mM KCl, are efficient inducers of germination. By use of the carbocyanine dye DiO-C6-(3), we found that KCl depolarizes the plasma membrane of zoospores and noted good correlation between depolarization and subsequent germination. Zoospores avidly accumulated K+ ions from the medium, attaining an internal concentration of over 50 mM and a concentration gradient of 2,500. Sodium ions, by contrast, were expelled. Internal K+ was required for normal germination but its function is not known. Zoospores also took up considerable amounts of calcium; most of this was associated with the external surface and appeared to be necessary for maintenance of zoospore integrity. KCl (50 mM) and other salts displaced surface calcium but this was not in itself sufficient to induce germination. The calcium ionophore A23187, in the presence of external calcium, was an effective inducer of germination, suggesting a possible role for cytosolic calcium in triggering the transformation. We propose that the first step in the induction of germination by salts is depolarization of the plasma membrane; subsequent events require the intervention of cytoplasmic signals.
Encystment and germination of Blastocladiella emersonii zoospores involve a rapid and radical transfornation of the motile but nongrowing spore into a sessile, growing germling. Certain inorganic ions, notably 50 mM KCl, are efficient inducers of germination. By use of the carbocyanine dye DiO-C6-(3), we found that KCl depolarizes the plasma membrane of zoospores and noted good correlation between depolarization and subsequent germination. Zoospores avidly accumulated K+ ions from the medium, attaining an internal concentration of over 50 mM and a concentration gradient of 2,500. Sodium ions, by contrast, were expelled. Internal K+ was required for normal germination but its function is not known. Zoospores also took up considerable amounts of calcium; most of this was associated with the external surface and appeared to be necessary for maintenance of zoospore integrity. KCl (50 mM) and other salts displaced surface calcium but this was not in itself sufficient to induce germination. The calcium ionophore A23187, in the presence of external calcium, was an effective inducer of germination, suggesting a possible role for cytosolic calcium in triggering the transformation. We propose that the first step in the induction of germination by salts is depolarization of the plasma membrane; subsequent events require the intervention of cytoplasmic signals.
Inorganic ions have been reported to induce or initiate a wide variety of developmental phenomena. A partial list of examples includes the induction of cell differentiation in embryonic frog tissue (4), crystalline lens (36) , and bean cotyledons (45) by appropriate concentrations of K+ and Na+, as well as by the interplay of K+ and ecdysone in inducing puffing of insect salivary gland chromosomes (24, 50) . Quiescent mammalian cells in culture resume growth in response to agents that stimulate Na+ influx and activate the Na+, K+-ATPase (23, 34) . Certain cellular responses to virus infection may also be mediated through changes in cellular levels of K+ or Na+ (9) . The maturation of amphibian oocytes (5, 32) and early events in the fertilization of sea urchin eggs (12, 31) provide additional examples of developmental processes that are under ionic control. On a different level of inquiry, Jaffe et al., Nuccitelli and Jaffe, and Robinson and Jaffe have shown that ion currents localize outgrowth in embryos of the brown alga Fucus (22, 29, 33) and in germinating pollen grains (49) . Summarizing data from many sources, it appears that ion movements may affect development at two distinct levels: in the localization of growth in space, and as signals or triggers (for reviews, see references 17 and 21).
In the search for a relatively simple eucaryotic organism to serve as a vehicle for studies on the role of ion fluxes in development, we turned to the aquatic phycomycete Blastocladiella emersonii, whose life cycle consists of an alternation between two distinct phases, the sessile vegetative cell and the motile but nongrowing zoospore; recent reviews by Lovett (27) and by Cantino and Mills (8) summarize the available knowledge. Our point of departure is the discovery by Soll and Sonneborn (44) that zoospores can be induced to encyst and germinate with a high degree of synchrony by the addition of KCl and certain other salts. Zoospores are highly differentiated cells that swim but neither grow nor synthesize proteins (16, 27, 42, 43 Zoospores were produced by standard methods (26, 40) , slightly modified. To produce large amounts of zoospores, organisms were grown in Roux bottles containing 150 ml of PYG agar; zoospores were released by flooding with water. The suspension was then fltered to remove vegetative cells, and the zoospores were collected by brief centrifugation at 480 x g. The supernatant was removed by aspiration, and the pellet was suspended, by gentle swirling in water or buffer.
Zoospores suspended in CaMOPS buffer (consisting of 2 mM Na' MOPS [morpholinopropanesulfonic acid], 0.2 mM CaCl2, pH 7.0) were often nonmotile at first but generally recovered within 15 min and remained reasonably stable for 1 to 2 h. They encysted and germinated readily in response to KCI, but with poor synchrony.
Synchronized zoospores were produced on defined medium as described by Soil and Sonneborn (40, 44) .
Briefly, the cells were grown in tissue culture dishes at 23 to 240C, on medium DM2; after 17 h the growth medium was replaced with "sporulation solution" (1 mM Tris maleate, 0.2 mM CaCl2, pH 6.8), and incubation was continued until most of the sporangia had released zoospores (usually 4 to 5 h). In some experiments sporulation solution was prepared with 50 giM CaCl2. Zoospores were either used directly or collected by centrifugation.
Germination was routinely assayed by the dish procedure of Soll and Sonneborn (40) More satisfactory evidence that zoospores generate an electrical potential was obtained by use of the fluorescent carbocyanine dye DiO-C6-(3). Zoospores swell and eventually lyse upon exposure to the dye, even in the dark, but could be -temporarily stabilized with 0.1 M sucrose. Zoospores quench dye fluorescence ( Fig. 2A) , as expected if the interior were electrically negative to the external surface. Addition of salts at 50 mM reversed the quenching, and there was a clear correlation between the reversal of quenching and the capacity to induce germination: K+, Rb+, Cs+ > Na+ > Tris+ > choline. Ammonium ion was exceptional, reversing quenching even better than did K+. Lithium (not shown) was somewhat less effective than sodium. Figure 2B shows the effect of graded amounts of KCI upon the intensity of fluorescence; the potassium ionophore valinomycin had little effect upon the (19) suggest that it exceeds -60 mV but did not give reproducible values.
It may be argued that salts reverse fluorescence quenching by displacing the dye from surface sites, rather than by collapsing a transmembrane electrical potential. In particular, it has recently been found (6) that carbocyanine dyes react with sites that bear calcium, with concomitant quenching of fluorescence that is reversed by KCI. This interpretation is rendered unlikely by the finding (Fig. 2A) that K+ is more effective in reversing quenching than Na+ and much more so than choline, because interaction with surface binding sites would not be expected to show specificity for particular ions. This argument is strengthened by the observation (Fig.  2C ) that NH4', K+, and Na+ showed differential effects even in the presence of 50 mM choline chloride. By contrast, all the salts displaced surface calcium equally well (see Fig. 5 ).
We interpret our data to indicate that zoospores generate an electrical potential, interior negative, which is depolarized by the addition of KCI and other salts. However, we have not been able to determine what ions generate the potential. Proton conducting uncouplers react with the dye and could therefore not be used. Gramicidin induced rapid K+ efflux, and presumably rendered the membrane permeable to protons as well, yet did not reverse quenching (data not shown). The origin of the membrane potential, if that is indeed what the dye reports, remains to be discovered.
Potassium accumulation by zoospores. Early in this study we tried to measure the membrane potential by the use of [4ll+]thallous ion (2) . The procedure proved unsuitable because zoospores accept Tl1 as an analog of K+, but drew attention to the remarkable capacity of zoospores to accumulate potassium.
Fresh zoospores harvested from either DM2 or PYG medium contain both K+ and Cl-corresponding to an intracellular concentration of 25 to 50 mM. To our surprise, zoospores avidly accumulate further K+ from the medium (Fig.  3A) . Zoospores that had been harvested from PYG agar, centrifuged gently, and suspended in CaMOPS buffer first lost part of their K+ complement but then reaccumulated it, reducing the external K+ level to below 20,uM; two successive additions of KCI were also absorbed, and then the entire K+ complement was released by addition of the channel-forming ionophore mona- (Fig. 4) Since chloride is a major ionic constituent of 3s lysis by 0.1 M sucrose). The finding zoospores, its role in K+ accumulation was exndergoes rapid exchange, and that amined. Zoospores do accumulate chloride which subject the zoospores to os-against a concentration gradient, particularly in hanical or metabolic stress induce the presence of potassium. In one experiment, rests that the pool size in the steady zoospores incubated with 400 ,uM 3601-and 50 result of pump and leak; the point is ,uM 42K+ attained an internal chloride concentrabecause K+ leakage down its steep tion of about 7 mM (the internal K+ concentraon gradient may make a substantial tion reached 63 mM). The chloride concentran to the membrane potential.
tion gradient of 17-fold is consistent with the lectroneutrality preserved during K+ finding that zoospores from PYG medium (3 )n? Most probably by expulsion of mM Cl-) contain 25 to 50 mM internal chloride. erated by metabolism (Fig. 3A) . Zoo-Zoospores may possess some kind of chloride hiring in CaMOPS buffer, pH 7.0, pump, but the gradient it can achieve is oban intemal pH of about 7.4; addition viously too small to account for the accumulamM) raised this to 7.7. If zoospores tion of K+. Indeed, chloride is not required for pH gradient (interior alkaline) as K+ accumulation, since zoospores produced by ,mbrane potential (interior negative), sporulation in buffered calcium nitrate accumus for moving protons outward against lated potassium (K2SO4) perfectly well.
,hemical potential gradient must be Potassium is required for germination. B. emersonii grew well in medium DM2 prepared a and thallium were accumulated as without sodium salts, and the vegetative cells ;, but the characteristics of sodium then sporulated and produced normal zoospores; re quite different. Zoospores incu-apparently the organism does not require Na+, various concentrations of 'NaCl but no attempt was made to exclude sodium ions M to 10 mM) did accumulate 'Na+ contributed by the reagents or glassware (estiit in no case did the concentration mated to be 10 to 50 IuM). By Calcium and germination. It has long been ml. At 0 min, 22NaCI (0) was added to known that calcium is both necessary and suffi-KCI at 0.5 mM (0) was added to part of cient for sporulation of B. emersonii (41) was tenaciously retained unless the zoospores lysed. Some of this may well be internal, and it presumably includes the calcium detected in gamma particles by X-ray microanalysis (20) .
Having found that zoospores accumulate a variety of univalent cations, we wondered whether calcium is also accumulated. To minimize the contribution of extemal binding, unlabeled zoospores were suspended in NaMOPSMgCl2-CaCl2 (at 2, 2, and 0.05 mM, respectively) and allowed to recover motility. At 0 min, 'Ca2+ (carrier-free) was added, and at intervals thereafter samples were collected by filtration through Unipore filters (Bio-Rad Laboratories), which trap very little external fluid. The zoospores were not washed; trapped extemal fluid was monitored by inclusion of [3H]sorbitol, and its contribution to the 'Ca2+ content was subtracted. Zoospores under these conditions quickly took up some 15 pmol of 'Ca2+ per g (dry weight), but uptake then ceased (Fig. 5A) (Fig. 5B) ; we found no consistent differences between the cations, suggesting that we are observing ionic displacement of calcium from surface sites. Since the cations differ markedly in their capacity to induce germination (Table 1) , it appears that displacement of the bulk of the external calcium is not sufficient to cause germination. Careful titration of zoospores with small amounts of EGTA also induced no more than minimal germination. Nonetheless, we cannot exclude the possibility that KCI and other inducers act by displacing a special, small calcium pool that was not detected by our experiments.
Novel inducers of germination. That calcium may indeed play some special role in germination is suggested by the observation that the calcium ionophore A23187 induced encystment as well as germination of zoospores; the effect was enhanced by external Ca2+ (Fig. 6) . KCl-induced germination was neither affected by Ca2+ nor inhibited by addition of EGTA (data not shown). The new calcium ionophore, ionomycin (25), also worked but was less effective and more toxic than A23187 (not shown). These effects suggest that an increase in the cytosolic calcium level mediated by the ionophores induces germination.
Truesdell and Cantino found some years ago that certain sulfonic acid dyes induce germination, especially when combined with chilling of the zoospore suspension (47) . The roster of inducers grew with the addition of caffeine, theophylline, and certain cytokinins (37; P. M. Silverman, personal communication). We have used caffeine (10 mM), triacanthine (6-amino-3-dimethylallyl purine; 10 uM), and 2-methyladenine hemisulfate (10 IEM) with good response.
However, it appears that these three agents exert their effects in a manner different from that of either the salts or the calcium ionophores. None depolarized the plasma membrane as judged by fluorescence quenching, nor did they displace surface Ca2". Repeated attempts to detect influx of Ca2" in response to substituted purines (or to 50 mM KCl), either by use of 4'Ca2" or with a calcium microelectrode, were unsuccessful. We also observed no changes in membrane-associated calcium by the shift in chlorotetracycline fluorescence (10) . Lithium chloride, previously found to block salt-induced germination, also blocked the effects of A23187 and of the substituted purines (reference 37, and present results), suggesting that it acts at a relatively late stage of the sequence.
DISCUSSION
The zoospore, to paraphrase Cantino, is an ephemeral cell precariously poised between lysis and germination. Physical and mechanical stress, cooling, and inhibitors of energy metabolism make the cells swell and may lead to outright lysis. Another set of physical and chemical perturbations, including dilution, chilling, sulfonic acid dyes, inorganic salts, and a number of purine derivatives (8, 37, 44, 47) (3, 42, 43) and subsequent growth of the germling. Positive turgor may be a factor in maintaining the zoospore configuration, or in the proper deposition of cell wall and construction of a germ tube. Finally, one should not overlook the possibility that outward leakage of K', down the steep concentration gradient, may make a major contribution to the membrane potential (negative inside).
Encystment and germination of zoospores can be readily triggered by particular shifts in the ionic environment of zoospores. Soll and Sonneborn (44) reported, and we have confirmed, that 50 mM KCl, RbCl, and NaCl are particularly effective; CsCl (also Tris-chloride) is less so; in our hands choline chloride induced little encystment and no germination. The series K', Rb+ >Na+ >Cs+ >Tris >choline immediately suggests a relation to membrane permeability, but any mechanism must account for the anomalous position of NH4' and Li+. Ammonium ion is a fair inducer of encystment but did not elicit germination; KCl enhanced its action, but NaCl did not. By contrast, lithium inhibited induction by K', and by nonionic inducers as well (references 37 and 44, and present results).
Soll and Sonnebom (44) considered but rejected the hypothesis that an increase in the extemal osmotic pressure is a sufficient cause of encystment; we concur, albeit with the reservation that in our hands (Table 1 ) 0.1 M sucrose did induce considerable encystment and some (variable) germination. Displacement of calcium from the exterior surface is another possibility, particularly in view ofthe evident role of calcium in stabilizing zoospores (references 8 and 41, and present results). We are inclined to discount this hypothesis because all the univalent cations were equally effective in displacing calcium (Fig.  5B ) yet differed markedly in their capacity to induce encystment. However, we cannot exclude the possibility that encystment results from the displacement of a small fraction of the calcium, bound to critical sites, by more specific exchange for particular univalent ions. A third possibility can be derived from the suggestion of Gingell (13) that reduction of the surface potential may trigger developmental events. Addition of univalent salts should help screen surface charges, but this hypothesis offers no explanation for the graded response to different ions; the failure of polylysine to induce germination and the pronounced capacity of Ca2" to stabilize zoospores also argue against this notion.
Instead, we offer the hypothesis that univalent cations depolarize the plasma membrane and that this triggers encystment and germination. In favor of this proposal we can cite the correlation between the capacity of various ions to pass across the plasma membrane and to induce germination. Note, for example, that K+ induced considerable germination even at 1 mM; sodium ion, less readily accumulated, was effective at higher levels; the relatively impermeant Tris cation was an indifferent inducer; and the most impermeant cation, choline, induced very little germination. More direct evidence comes from the observation (Fig. 2) that zoospores quench the fluorescence of the carbocyanine dye DiO-C6- (3) and that quenching is reversed by salts in the sequence K+, Rb+, Cs' >Na' >Tris+ >cho-line. Carbocyanine dyes have been widely used to report electrical potentials, interior negative, over the range of -60 to -150 mV (for a review, see reference 48). Unfortunately we were not able to obtain satisfactory quantitative data, nor were we able to determine just how the electrical potential arises. An attractive possibility is the leakage of K+ down a steep concentration gradient, established by an ATP-linked K+ pump; however we would not exclude a proton pump, known to occur in Neurospora and other fungi (for reviews, see references 11 and 17). Another unresolved question is the anomalous position of NH4' and Li'. Ammonium ion was the most effective depolarizing ion (Fig. 2B ) and appears to be permeant by other criteria as well; we believe that it passes across the membrane but that germination is aborted by interference with a function of potassium ion. Lithium ions evidently exert their inhibitory effects at a relatively late stage, unconnected with membrane events.
It is not likely that depolarization of the plasma membrane is the immediate stimulus for the release of chitin synthetase vesicles from gamma particles and other early events in encystment. Presumably this involves the intervention of one or more intracellular messengers. Nonionic germination signals, such as caffeine or triacanthine, may modulate the messenger level by a route that does not involve the membrane potential; a surface receptor with affinity for purines may be an element in the way encystment is triggered in nature. The identity of the hypothetical second messenger is, of course, entirely unknown. However, several examples are now known of developmental events being initiated by a sudden increase in the cytosolic free calcium (12, 21, 31) . The observation that the calcium ionophores A23187 and (to a lesser extent) ionomycin trigger encystment is suggestive, and calmodulin has recently been detected in zoospores (15) . We hasten to add that, aside from the ionophore effects, we obtained no evidence for a specific role of cytosolic calcium. We are mindful of the widespread involvement of cyclic nucleotides in the control of development, and particularly of the finding that in several fungi membrane depolarization is correlated with a burst of cAMP synthesis (30, 46) . Although Bldstocldiella zoospores lose 80% of both cAMP and cGMP during germination (38) , an initial transient increase in intracellular cAMP has recently been reported (14) . However, too little is presently known to warrant formulation of a specific hypothesis.
